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 The Purdue Improved Crop Storage system is a triple layer high-density 
polyethylene storage technology that has proven to be an effective means of protecting 
cowpea [Vigna unguiculata subsp. unguiculata (L.) (Walp)] from damage caused by the 
cowpea bruchid [Callosobruchus maculatus (Fabricius) (Coleoptera: Chrysomelidae)] 
during storage. PICS bags work due to the exclusion of oxygen, which deprives insects of 
metabolic energy and of their water supply. The effectiveness of this hermetic storage 
technology has led to widespread adoption across West Africa. Its popularity has led low-
income farmers in the Sub-Saharan zone to ask if the bags can be used to store other 
commodities in addition to cowpea. In the first chapter, I present results from trials 
testing the extent to which PICS technology is effective for protecting stored wheat from 
rice weevil [Sitophilus oryzae (L.) (Coleoptera: Curcilionidae)]. Farmers who used PICS 
bags for cowpea observed that repeated use and insect damage can lead to tiny holes in 
the walls of PICS bags. Slightly damaged bags may still protect stores of grain, but may 
be less effective in excluding oxygen. The volume of grain stored may also affect the rate 
of oxygen leakage into the grain. In the second chapter, I describe: (1) the effect of small, 
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insect sized holes in PICS bags on insect damage; (2) results that show the degree of 





HISTORY OF THE PURDUE IMPROVED CROP STORAGE SYSTEM AND 
HERMETIC TECHNOLOGY  
 
Common grain storage principles 
 With earth’s fast growing population, ensuring a sustainable supply of food is 
becoming a matter of increasing concern among world leaders, philanthropists, and 
scientists. Improved grain storage helps to reduce postharvest losses caused by insects. 
Around the world, cereal grains are an important source of calories and proteins, but 
insects can negatively impact the supply. Upon reaching market, insect damaged grain is 
often discounted because it is less nutritious and taste may be affected (Alonso-Amelot et 
al., 2009). 
 
Cowpea as an important legume in West Africa 
 Cowpea, Vigna unguiculata L. (Walp), is a native crop of Africa that thrives in 
the low rainfall region of the Sub-Saharan zone in West Africa (Baributsa et al., 2010). 
An estimated 69% of the world production of cowpea occurs in West and Central Africa 
(Langyintuo et al., 2003), with major areas of production being located in Niger and 
Nigeria (Baoua et al., 2012b). Globally 5.7 million tons of cowpea were produced in 
2012 (FAOSTAT, 2012), most of which is produced in West and Central Africa 
(Baributsa et al, 2010). Cowpea is a staple crop in many West African countries because 
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the grain and leaves are rich in protein. The crop fixes nitrogen, thriving even when 
rainfall is sparse, and acts as a major cash crop for growers (Baributsa et al., 2010). 
“Official cowpea trade accounts for over 300,000 tons of cowpea per year within the 
Nigerian Cowpea Grainshed” (Langyintuo et al., 2003; Langyintuo et al., 2005; 
Langyintuo and Lowenberg-DeBoer, 2006; Baributsa et al., 2010).  
 
Heavy loss of cowpea in storage caused by the cowpea bruchid 
 Cowpea availability is negatively impacted by the cowpea bruchid, 
Callosobruchus maculatus (Fabricius) (Coleoptera: Chrysomelidae), which enter the 
cowpea store in low numbers and population grows exponentially over the subsequent 
months (Murdock et al., 1997). Insects commonly found in grain stores initially infest the 
grain as a result of three factors: 
(1) Adult insects can fly or crawl through gaps in a bag of stored grain (Driscoll et al., 
2000). 
(2) Eggs or immature insects may be present on or within the seeds at harvest time, which 
protects them from removal during handling (Murdock et al., 1997). 
(3) Harvesting and the subsequent mixing of grain provides a favorable food supply for 
the insect population (Driscoll et al., 2000). 
When stored without protection cowpea can typically only be stored for two or three 
months due to overwhelming damage caused by C. maculatus (Murdock et al., 1997). 
Storage losses estimated between 25 and 50% can result (Baoua et al., 2012a; Baributsa 
et al., 2010; Moussa, 2006; Boys, 2005; Ntoukam et al., 1997). A single female bruchid 
can produce 60 to 120 eggs, (Fox, 1993) and the time required for one C. maculatus 
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generation is only three and one-half to four weeks (Baributsa et al., 2010; Murdock et 
al., 1997; Fox, 1993). The consequence of this short generation time is complete 
destruction of a store, resulting in inedible grain after only two to three months 
(Barributsa et al., 2010). 
 
Methods for protecting stored cowpea 
 Pesticide application is the most common method of control for the cowpea 
bruchid, but often farmers cannot afford pesticides or lack the technical skill for proper 
usage (Baoua et al., 2012a, Baributsa et al., 2010). Frequently suitable pesticides are not 
available or affordable. When chemical control is utilized the pesticides are often 
misused, resulting in health and environmental issues (Baributsa et al., 2010). The threat 
of heavy damage caused by bruchids, and issues associated with pesticides, force farmers 
to rush harvested grain to market early, at a time when the price is at the lowest point of 
the year. During the subsequent months market prices can double or triple (Baoua et al., 
2012a). Alternative, chemical free control methods have been used but have seen only 
modest success due to economic factors, lack of information about the existence of the 
technology, or limited availability of inputs (Baributsa et al., 2010; Murdock et al., 2003, 
Murdock et al., 1997).  
 
The Bean/Cowpea Collaborative Research Support Program (CRSP) 
 In the 1980s the Bean/Cowpea Collaborative Research Support Program (CRSP), 
funded by the United States Agency for International Development (USAID), sought to 
develop and implement low-cost storage technologies for protection of harvested cowpea 
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against C. maculatus in Cameroon (Murdock et al., 2003). Cultural storage methods 
developed by the CRSP project decreased insect damage in grain stores by various 
degrees and had differing levels of adoption by low-income farmers. These methods 
include but are not limited to the following storage conditions: (i) with pesticide(s), (ii) 
within hermetically sealed drums/bags, (iii) by means of solar disinfestation (heating), 
(iv) with botanicals traditionally believed to have insecticidal properties, and (v) mixed 
with ash (Baoua et al., 2012a, Murdock et al., 2003).  
 
The Purdue Improved Crop Storage System 
 One end product of the CRSP effort was the PICS bagging technology, which 
proved effective in preventing insect damage and cost efficient (Murdock et al., 2003). 
The bagging technology is comprised of three bags that nest inside of each other. The 
inner two bags are comprised of high-density polyethylene (HDPE), each 80 µm thick. 
The third, outer bag is comprised of a woven polypropylene layer (Baoua et al., 2012b; 
Murdock et al., 2012). This was added to act as a protective layer to help prevent interior 
bag damage, especially during grain transport and handling. The thick plastic layers, 
which slow the rate of gas exchange between inside and outside the bag, and the respiring 
insect population (utilization of O2, release of CO2), create a scenario in which the bags 
can act as a functional hermetic storage unit (Murdock et al., 2012). 
 
PICS as a functional hermetic storage unit  
 Hermetic conditions involve the storage of a commodity in such a way that there 
is no air exchange, i.e., is airtight and can make use of a container of limited size 
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(Murdock et al, 2012). In the case of the PICS technology, airflow across the bag walls is 
extremely slowed but not entirely stopped because the HDPE is marginally permeable to 
oxygen and carbon dioxide although with a greatly reduced diffusion constant (Kjeldsen, 
1993). The air exchange within the bag is slowed to such an extreme point that living 
insects in the bag consume the oxygen within the bag’s airspace at a much faster rate than 
it diffuses into the bag. This process creates an oxygen deficit and a carbon dioxide 
surplus inside the bag as a result of insect respiration. Ultimately, these conditions kill 
most or all of the insects living within the grain. The cause of mortality is desiccation, not 
suffocation (Murdock et al., 2012). In the case of cowpea, which only contains about 1.5 
mg of free water in the seed mass consumed by the developing insect. C. maculatus 
requires at least 7.5 mg of water to develop from egg to adult (Murdock et al., 2012). C. 
maculatus and many other stored product insects obtain the rest of their required water 
from metabolism (Murdock et al., 2012; Fraenkel et al., 1944). 
C6H12O6 + 6O2       6H2O + 6CO2 
 
 To obtain necessary water, it is critical that a carbon source, e.g., carbohydrate, in 
the grain and oxygen (in the air surrounding the grain) are readily available to the 
developing insects. Without the six H2O molecules obtained from every C6H12O6 and six 
O2 required for respiration the insects slowly lose water and die of desiccation (Murdock 
et al., 2012). Water produced by the metabolism of the insects is even more critical for 
survival when the stored grain is extremely dry. The thick HDPE layers of the bag walls 
used in the PICS bag greatly reduce gas exchange. This reduction leads to low oxygen 
concentrations (hypoxia) inside the bag due to insect respiration and increased carbon 
dioxide levels (hypercarbia), which don’t support normal behavior, growth, and 
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development (Murdock et al. 2012; Cheng et al., 2012; Baoua et al., 2013). The hypoxic 
conditions cause “cessation of feeding, growth, development and reproduction and 
eventual death” of the insets (Murdock et al., 2012). Even under hypoxic conditions 
complete mortality of stored grain pests doesn’t occur (Baoua et al., 2012b).  
 
PICS production and distribution 
 The Purdue Improved Crop Storage (PICS) bags have been disseminated in West 
and Central Africa to reduce cowpea storage losses. Since the initial introduction of the 
PICS technology to West and Central Africa in 2007, approximately three million bags 
have been sold (Baributsa, 2014). A bag supply chain has been developed to make the 
technology available to farmers in rural areas. This supply chain involves manufacturers, 
distributors, semi-wholesalers, vendors/merchants, and retailers and roaming vendors 
(Baributsa et al., 2010). The use and manufacturing of PICS bags has slowly expanded 
beyond to sub-Saharan Africa and South Asia. Currently there are 13 manufacturers 
producing PICS bags in Africa and Asia. The retail price of a PICS bag is generally 
around 2 to 4 U.S. dollars and varies among countries (Baributsa et al., 2010). The 
technology is effective even when farmers reuse the bags in subsequent years (Baoua et 
al., 2012b).  
 
Future Direction of PICS 
 Much effort is being directed to improve the adoption of PICS technology in 
developing nations and to expand its availability to low-resource farmers. In addition, 
efforts are being made to expand the scope of the technology beyond cowpea to other 
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grains and to further our understanding of what happens to insect populations exposed to 
hermetic storage conditions. Stored grains other than cowpea could potentially benefit 
from the use of PICS technology. Hermetic storage of maize in PICS bags could alleviate 
the loss to Zimbabwe farmers who experience up to 76% loss during storage (Giga et al., 
1991) Trials are also being conducted across West Africa and locally at Purdue 
University to test PICS efficacy for storage of other grains and their associated pests. The 
experiments include many important global staple crops and those grown commonly in 
West Africa. They include sorghum, millet, maize, wheat, chickpea, common bean, 
peanut, Bambara ground nut, cassava chips, hibiscus, oats, and pigeon pea (Food and 
Agricultural Organization, 2012).  Insects commonly found in grain stores include the 
maize weevil (Sitophilus zeamais), larger grain borer (Prostephanus truncatus), 
Angoumois grain moth (Sitotroga cereallela), and rice weevil (Sitophilus oryzae) (De 
Groote et al., 2013; Fourar-Belaifa et al., 2010; Tefera et al., 2011). Work at Purdue 
focused on wheat stored in the presence of rice weevil. Wheat was chosen because it is 
the most frequently cultivated and consumed cereal in the world (Feillet, 2000).  If PICS 
bags prove to be effective at protecting additional commodities against common insect 
storage pests the technology could be applied elsewhere, multiplying the impact of the 
project. Considering cowpea alone the CRSP and PICS programs have affected upwards 
of 50 million beneficiaries representing millions of farm families across West and Central 
Africa (Boys, 2005; Moussa, 2006).  
 Several published and unpublished observations have led to questions involving 
how functional hermetic storage in PICS bags impacts insect populations, their 
development, and behavior. When heavily infested grain has been stored in PICS bags, 
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adult insects accumulate at the top of the bags, where more oxygen is presumably 
available. Insect aggregation at the surface of a grain store has been observed in other 
studies (Navarro et al., 1984; Driscoll et al., 2000). In an unpublished PICS experiment 
fine mesh netting was mounted as a window on a single HDPE PICS bag. The insects in 
the bag became concentrated around the screen and damage appeared to decrease as the 
distance from the screen increased. Minimizing oxygen penetration into the bag is 
critical. Occasionally, holes are found in the PICS bags, probably due to damage from 
handling or insect emergence (Baoua et al., 2012b).  
 A hole in a PICS bag may influence the availability of oxygen in an adjacent 
region of the bag, and could allow larval development to continue and increase damage. 
To some degree the grain mass also acts as a barrier that impedes the diffusion of oxygen 
and carbon dioxide through a grain space (Singh et al., 1984; Shunmugam, et al., 2005; 
Huang et al., 2013). Larger containers perform better as hermetic storage units because of 
the surface area to volume principle. In the case of PICS, a full 100 kg bag would be a 
more effective hermetic unit than a 50 kg bag because of its increased volume contained 
relative to the surface area.    
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Outline of the two major sections of the thesis 
 The Purdue Improved Crop Storage bagging technology preserves cowpea stores 
against cowpea bruchid (Callosobruchus maculatus) damage. For my dissertation work, I 
addressed two questions farmers commonly ask about the bags: (1) Does the PICS 
technology protect grains other than cowpea against common insect pests that attack 
them? I asked this question for wheat attacked by the rice weevil. (2) Do small holes (r = 
0.508 mm) in hermetic containers have an increased impact on grain damage and 
associated insect development? 
 
Section I. Storage of cereal grains in PICS bags 
Chapter 1. PICS bags protect wheat, Triticum aestivum, against rice weevil, Sitophilus 
oryzae L. (Coleoptera: Curculionidae). 
 
 Triple layer bags consisting of two inner layers of 80 micron thick high-density 
polyethylene (HDPE) surrounded by an outer woven polypropylene bag have proven to 
be an effective technology for hermetic storage of cowpea. These bags arrest population 
growth and greatly decrease loss caused by the cowpea bruchid, Callosobruchus 
maculatus Fabricius (Coleoptera: Chrysomelidae). This bagging technology is called the 
Purdue Improved Crop Storage (PICS) system. The PICS technology has seen 
widespread adoption across West and Central Africa due to the bag’s low-cost, durability, 
and availability. PICS team members have noticed farmers using PICS bags to store 
agricultural crops other than cowpea. This observation led us to the idea to expand the 
scope of the project to other commodity cereal grains, which vary in germination, fungi 
susceptibility, insect susceptibility, and respiration rates. If PICS bags proved efficient for 
10 
other crops it would allow farmers to store other commodities for longer periods of time 
for personal usage and market sale. Accordingly, PICS bags were tested for efficiency in 
protecting wheat against rice weevil, Sitophilus oryzae L. (Coleoptera: Curculionidae), a 
common stored grain pest, which may behave differently under hermetic storage 
conditions. The efficiency of PICS technology was tested relative to conventional storage 
practices, which make use of polypropylene woven bags. Measures of bag performance 
were relative percent damage, grain moisture content, percent germination, presence of 
aflatoxin, oxygen and carbon dioxide concentrations in the bag headspace during storage, 
as well as grain temperature and headspace humidity during storage. We then show that 
wheat stored in PICS bags is protected from insect damage compared with wheat stored 
in conventional woven sacks. PICS technology is a practical and useful tool for 
protecting wheat against rice weevil.  
 
Section II. Effectiveness of damaged PICS bags 
Chapter 2. The effect of small leaks and grain bulk on the performance of hermetic 
storage. 
 
 The Purdue Improved Crop Storage (PICS) system is an effective hermetic 
technology for protecting grain against insect pests in storage.  Grain is stored inside the 
inner bag, and each bag is tied off in turn, creating a functional hermetic storage unit. 
Field observations have documented the appearance of small holes from insects and 
punctures in the bags. As the number of leaks increase so does seed damage, but this 
damage appears to be greatest near the holes. In the presence of many holes the storage 
system becomes less effective. The volume of the grain bulk impedes the diffusion of 
11 
oxygen through the headspace between seeds. A large volume of seed is better protected 
against leakage through a hole because more seed creates a more effective barrier to 
oxygen diffusion through the hermetic store.   
12 
List of References 
Alonso-Amelot, Miguel, E., and Avila-Núñez, J.L. (2011). Comparison of Seven 
 Methods for Stored Cereal Losses to Insects for Their Application in Rural 
 Conditions. Journal of Stored Products Research 47.2, 82-87.  
Baoua, I.B., Amadou, L., Lowenberg-DeBoer, J.D., Murdock, L.L. (2013). Side by side 
 comparison of GrainPro and PICS bags for postharvest preservation of cowpea 
 grain in Niger. Journal of Stored Products Research 54, 13-16. 
Baoua, I. B., Amadou, L., Margam, V., and Murdock, L.L. (2012a) Comparative 
 Evaluation of  Six Storage Methods for Postharvest Preservation of Cowpea 
 Grain. Journal of Stored Products Research 49, 171-75. 
Baoua, I. B., Margam, V., Amadou L., and Murdock, L.L. (2012b) "Performance of 
 Triple  Bagging Hermetic Technology for Postharvest Storage of Cowpea Grain 
 in Niger." Journal of Stored Products Research 51, 81-85. 
Baributsa, Dieudonné. “Reducing grain storage losses in developing countries – lessons 
 learned.” Purdue University. Department of Entomology, West Lafayette, IN. 29 
 Feb 2014. Seminar. 
Baributsa, D., Lowenberg-DeBoer, J., Murdock, L.L., and Moussa, B. (2010). "Profitable 
 Chemical-free Cowpea Storage Technology for Smallholder Farmers in Africa: 
 Opportunities and Challenges." 10th International Working Conference on 
 Stored Product Protection 425, 1046-052. 
Boys, K. (2005). Adoption and economic impact implications of storage technology and 
 improved cowpea varieties in the north central peanut basin of Senegal. M.Sc. 
 thesis, Purdue University, West Lafayette, IN, USA. 
Cheng, W., Lei, J., Ahn, J., Liu, T., and Zhu-Salzman, K. (2012). Effects of decreased O2 
 and elevated CO2 on survival, development, and gene expression in cowpea 
 bruchids. Journal of Insect Physiology 58, 792-800. 
De Groote, H., Kimenju, S.C., Likhayo, P., Kanampiu, F., Tefera, T., and Hellin,  J. 
 (2013). Effectiveness of hermetic systems in controlling maize storage pests 
 in Kenya. Journal of Stored Products Research 53, 27-36. 
Driscoll, R. Longstaff, B.C., and Beckett, S. (2000). Prediction of insect populations in 
 grain storage. Journal of Stored Products Research 36, 131-151. 
FAOSTAT. "Countries by Commodity."  Food and Agriculture Organization of the 
United  Nations, n.d. Web. 2 Feb. 2014. 
Feillet, P. (2000). Wheat grain: composition and utilization. INRA-Editions, Paris. 
Fourar-Belaifa, R., Fleurat-Lessard, F., and Bouznad, Z. (2010). A systematic 
 approach to qualitative changes in the stored-wheat ecosystem: Prediction of 
 deterioration risks in unsafe storage conditions in relation to relative humidity 
 level, infestation by Sitophilus oryzae (L.) and wheat variety. Journal of Stored 
 Products Research. 47, 48-61. 
Fox, C.W. (1993). Multiple mating, lifetime fecundity and female mortality of the 
 bruchid beetle, Callosobruchus maculatus (Coloeptera: Bruchidae). Functional 
 Ecology 7, 203-208. 
Fraenkel, G., and M. Blewett. (1944). The Usage of Metabolic Water in Insects. Bulletin 
 of Entomological Research 35, 127-39. 
13 
Giga, D.P., Mutemerewa, S., Moyo, G., and Neeley, D. (1991). Assessment and control 
 of losses caused by insect pests in small farmers’ stores in Zimbabwe. Crop 
 Protection 10, 287-292. 
Huang, H., Danao, M.G., Rausch, K.D., and Singh, V. (2013). Diffusion and production 
 of carbon dioxide in bulk corn at various temperatures and moisture contents. 
 Journal of Stored Products Research 55, 21-26. 
Kjeldsen, P. (1993). Evaluation of Gas Diffusion Through Plastic Materials Used in 
 Experimental and Sampling Equipment. Water Research 27.1, 121-131. 
Langyintuo, A.S. (2003). “Cowpea trade in west and central Africa: a spatial and 
 temporal analysis.” Ph.D thesis, Purdue University, West Lafayette, IN, USA. 
Langyintuo, A.S., Lowenberg-DeBoer, J., and Arndt, C.  (2005). Potential impacts of 
 the proposed West African monetary zone on cowpea trade in west and  central 
 Africa. Agricultural Economics 33, 411-421. 
Langyintuo, A., and Lowenberg-DeBoer, J. (2006). Potential regional trade 
 implications of adopting Bt cowpea in west and central Africa. AgBioForum 9, 
 111-120. 
Moussa, B. (2006). Economic impact assessment of cowpea storage technology.  M.Sc. 
 thesis. Purdue University, West Lafayette, IN, USA. 
Murdock, L.L., Margam, V., Baoua, I., Balfe, S., and Shade, R.E. (2012). Death by 
 Desiccation: Effects of Hermetic Storage on Cowpea Bruchids. Journal of  Stored 
 Products Research 49, 166-70. 
Murdock, L.L., Seck, D., Ntoukam, G., Kitch, L., and Shade, R.E. (2003). Preservation of 
 cowpea grain in Sub-Saharan Africa—Bean/Cowpea CRSP contributions.  Field 
 Crops Research 82, 169-178. 
Murdock, L.L., Shade, R.E., Kitch, L.W., Ntoukam, G., Lowenberg-DeBoer, J., Huesing, 
 J.E. (1997). Post-harvest storage of cowpea in sub-Saharan Africa. Advances in 
 Cowpea Research International Institute of Tropical Agriculture 302-312. 
Navarro, S., Donahye, E., Kashanchi, Y., Pisarev, V., and Bulbul, O. (1984). 
 Airtight storage of wheat in a P.V.C. covered bunker. Proceedings of 
 International Symposium April 1983, Perth, Australia, 601-614. 
Ntoukam, G., Kitch, L.W., Shade, R.E., and Murdock, L.L. (1997). A Novel Method for 
 Conserving Cowpea Germplasm and Breeding Stocks Using Solar Disinfestation. 
 Journal of Stored Products Research 33.2, 175-179. 
Shunmugam, G., Jayas, D.S., White, N.D.G., and Muir, W.E. (2005). Diffusion of carbon 
 dioxide through grain bulks. Journal of Stored Products Research 41, 131-144. 
Singh, D., Muir, W.E., and Sinha, R.N. (1984). Apparent Coefficient of Diffusion of 
 Carbon Dioxide Through Samples of Cereals and Rapeseed. Journal of Stored 
 Products Research 20.3, 169-175. 
Tefera, T., Mugo, S., and Likhayo, P. (2011). Effects of insect population density  and 
 storage time on grain damage and weight loss in maize due to the maize weevil 
 Sitophilus zeamais and the larger grain borer Prostephanus truncates. 




CHAPTER 1. PICS BAGS PROTECT WHEAT, Triticum aestivum, AGAINST RICE 
WEEVIL, Sitophilus oryzae L. (COLEOPTERA: CURCULIONIDAE). 
Daniel T. Martin1, Dieudonné Baributsa1, Joseph E. Huesing2, L. L. Murdock1 
 
1 Department of Entomology, Purdue University, West Lafayette, IN 47907, USA; 
2 U.S. Department of Agriculture, Washington, DC 20250  
15 
Abstract 
 Triple layer bags consisting of two inner layers of 80 micron thick high-density 
polyethylene (HDPE) surrounded by an outer woven polypropylene bag have proven to 
be an effective technology for hermetic storage of cowpea and to prevent loss caused by 
the cowpea bruchid, Callosobruchus maculatus Fabricius (Coleoptera: Chrysomelidae). 
This bagging technology is called the Purdue Improved Crop Storage (PICS) system. If 
PICS bags prove useful for protecting other crops against their insect pests during storage 
it would allow farmers to store these commodities for longer periods of time to increase 
personal food availability and market flexibility. Accordingly, PICS bags were tested for 
efficiency in protecting wheat against rice weevil, Sitophilus oryzae L. (Coleoptera: 
Curculionidae), a common stored grain pest. The performance of the PICS technology 
compared to the conventional storage practices, which often make use of single 
polypropylene woven bags. Wheat stored in PICS bags is protected against rice weevil 
compared with wheat stored in conventional woven sacks. PICS technology is a practical 
and useful tool for protecting wheat against rice weevil.  
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Introduction 
 With the earth’s fast growing population, food security is becoming a topic of 
increasing concern to world leaders, philanthropists, and scientists. Cereal grains are an 
important source of calories and proteins for people living in the tropical and intertropical 
region of Africa (Alonso-Amelot et al., 2009). Insects contaminate and damage these 
cereals during storage. Grain contaminated by insects is discounted in the market and 
such damaged grain is also less nutritious, and taste and processing may be affected. 
 Improved methods of storage reduce losses and have been developed to curb 
damage caused by insects in grain stores. These methods include: pesticide(s), hermetic 
containers, solar disinfection (heating), and co-storage with botanicals, ash, or sand 
(Baoua et al., 2012a). 
 Storage of cowpea, Vigna unguiculata (Walp), in hermetically sealed plastic triple 
bags has become a widely adopted practice in the Sahel and savannah regions of Africa 
over the past six years (Sanon et al., 2011; Baoua et al., 2013). Hermetic storage involves 
the prevention of airflow across the walls of airtight containers of limited size (Murdock 
et al., 2012). Cowpea weevils can destroy a store of cowpea grain, making it unfit for 
consumption or sale (Murdock et al., 2003). The PICS bagging technology consists of 
three bags nested inside each other. The inner two bags are composed of high-density 
polyethylene (HDPE), each measuring 80 µm thick. The third, outer bag is made of a 
woven polypropylene layer (Baoua et al., 2012b; Murdock et al., 2012), which acts as a 
protective layer against punctures and damage and makes handling of the composite bag 
easier. It is also widely available and familiar to farmers and thus culturally acceptable. 
The thick HDPE layers greatly slow the rate of gas exchange with the surrounding 
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environment (Kjeldsen, 1993). Insects present in the stored grain consume available 
oxygen in the bag and produce carbon dioxide. After several days the reduced oxygen 
levels allow the bags to act as functional low oxygen/high carbon dioxide storage units, 
which prevent further insect development (Murdock et al., 2012). The low O2 
concentration allows grain to be stored for long periods of time with minimal insect 
damage (Sanon et al., 2011). In the case of the cowpea weevil, decreased O2 causes 
feeding cessation and eventual death by desiccation. Cowpea weevils use metabolic water 
as their main water supply, which allows them to survive in the semi-arid regions where 
cowpea is grown (Murdock et al., 2012). 
 PICS technology may be useful for storing other commonly produced grains in 
West and East Africa and elsewhere. These include millet, sorghum, groundnut, Bambara 
groundnut, as well as cowpea. Maize and wheat, in limited quantities, are also produced 
in Africa (Food and Agricultural Organization, 2011). Wheat is the most frequently 
cultivated and consumed cereal in the world (Feillet, 2000). Cereal grains, including 
wheat are highly susceptible to contamination by fungi and stored product insects at 
harvest. These may cause unacceptable levels of quality degradation of the stored grain 
(Fourar-Belaifa et al., 2010). Common stored insect pests found in these cereal stores 
include the maize weevil (Sitophilus zeamis), larger grain borer (Prostephanus truncates), 
Angoumois grain moth (Sitotroga cereallela), and rice weevil (Sitophilus oryzae) (De 
Groote et al., 2013; Fourar-Belaifa et al., 2010; Tefera et al., 2011). 
 Field observations in West Africa have revealed that farmers have begun using 
PICS technology to store crops other than cowpea. It is important to determine the safety 
and effectiveness of PICS for other crops before the technology is promoted for use with 
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them across the continent. While expectations are that PICS will be effective in 
protecting agricultural commodities other than cowpea, the different relationship between 
stored grains and various insect species within a contained mini-ecosystem may impact 
effectiveness (Feillet, 2000). To lay the foundation for expanding the benefits of the PICS 
technology the PICS system needs to be tested for efficiency in protecting other grains 
against common storage pests and assessed for any unanticipated problems that might 
arise. Different grains and their pests may behave differently in the hermetic 
environment. Other stored product pests may not be as reliant on metabolic water, may be 
able better to cope with hypoxic and hypercarbic conditions, or may be able to chew 
through the bag material and create an open a supply of oxygen. The experiments 
detailed below compared PICS technology relative to conventional woven storage bags 
for wheat exposed to rice weevil. The work was carried out in the laboratory, which 
provides greater accuracy and control compared to field trials conducted on farms (Tefera 
et al., 2011). If PICS bags provide increased protection of wheat against rice weevil then 
the PICS supply chain will become more sustainable. More people will be buying the 
bags for a wider range of use over a longer period of time and in more places. 
 
Materials and Methods 
 Our study was conducted at Purdue University between 17 July of 2012 and 14 
January of 2013.  We used soft red winter wheat, Triticum aestivum, infested with rice 
weevil stored in PICS or conventional woven bags. The following measures were taken 
as indicators of insect damage: (1) relative percent physical seed damage; (2) grain 
moisture content; (3) percent germination; (4) concentration of aflatoxin (ppb); (5) 
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oxygen and carbon dioxide concentrations during storage; (6) temperature; and (7) 
relative humidity during storage.  
 Twelve 25.8 kg bags of untreated, certified, soft red winter wheat (AG1189) were 
purchased from Alumni Seed Co, Romney, Indiana. This wheat was stored under one of 
the following treatments: (1) in PICS triple bags filled with 25.8 ± 0.1 kg of grain and 
infested with 1L of wheat heavily infested with rice weevil, Sitophilus oryzae L. 
(Coleoptera: Curculionidae); (2) in PICS triple bags filled with 25.8 ± 0.1 kg of grain 
without being infested; (3) in woven polypropylene bags (a PICS bag lacking the inner 
HDPE liners) filled with 25.8 ± 0.1 kg of grain and infested with 1 L of grain heavily 
infested with rice weevil. Each treatment was replicated four times. In comparison to 
conditions seen by farmers in West Africa the level of infestation we used is relatively 
low (Murdock et al. 2012), but proved sufficient to test the performance of the PICS bag 
for wheat storage. The woven bag treatment is comparable to the conventional woven 
sacks used for transportation and storage of grain in Africa and elsewhere, making it a 
good standard to determine the effectiveness of the PICS technology. The uninfested 
PICS bag treatment gives a standard for conditions of wheat stored hermetically over 
time. 
 Detailed procedures for checking PICS bags for leaks and for filling the bags with 
grain have been described (Baributsa et al., 2010). Eight triple bags and four woven 
polypropylene sacks obtained from Lela Agro Industries Nigeria Ltd. (Kano, Nigeria) 
were filled with clean wheat. This filling process occurred in a room in which no insect 
colonies or infested grain was present. An EL USB 2 data logger device (Lascar, Erie, 
PA, USA), which records temperature and relative humidity (RH) every 12 hours, was 
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placed in the center of each bag. One data logger device was kept in the containment 
room to monitor ambient conditions. A single 500 g seed sample was taken from each 
replicate to later test for initial moisture content, initial infestation, initial damage, and 
aflatoxin levels.  
 The four triple bags acting as the non-infested control were compressed to force 
air out then double tied with cable ties. The remaining four triple bags and four woven 
bags were infested with 1 L of S. oryzae infested wheat taken from large-scale colonies 
kept in 19 L buckets and maintained by the laboratory. The infested bags were tied off 
with cable ties in the same manner as the untreated bags.  Bags were stored in a 
quarantined room using a complete random block design. The room was isolated using a 
bilayer of 6 mm thick black HDPE plastic fitted with a pair of zippers to allow entry and 
exit. Room temperature ranged between 22 and 30˚C and relative humidity varied 
between 50 and 95%. The treatments were stored in this room for 6 months. Grain 
damage assessment was done initially, after 3 months, and at the end of the 6-month 
storage period. 
 At each assessment grain was sampled using grain probes devised for this purpose  
(Figure 1). The probe has a sampling capacity of about 40 mL of grain and took samples 
from the entire depth of a grain store up to 0.5 m. Twenty samples were taken from the 
bag (4 samples per side and 4 in the center). During sampling the non-infested PICS bags 
were removed from the room to decrease the risk of accidental infestation. This sampling 
procedure minimized the effect of destructive sampling on the insect-grain ecosystem in 
the bags. Each 800 mL sample was transferred to and sealed in mason jars and stored in a 
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0˚C freezer for handling and later damage evaluation. The following measures of seed 
damage were applied. 
Moisture Content:  
 The 800 mL samples were measured for percent moisture content with the mini 
GAC® plus moisture tester (DICKEY-john® Corporation, Auburn, IL, USA). 
Germination:  
 100 seeds from each sample were selected randomly and washed in a 5% bleach 
and water mixture for 2 minutes to prevent the growth of fungi. They were rinsed three 
times with tap water. Each sample was placed in a Petri dish with a moist paper towel and 
stored in a dark chamber for 4 days. The ratio of germinated seeds to the total number of 
seeds was scored. 
Aflatoxin:  
 Samples of 200 g from each bag were sent to Titus Grain Inspection, Inc. (West 
Lafayette, IN, USA), federally licensed grain inspectors, for determination of total 
aflatoxin content (ppb).   
Relative Percent Damage:  
 Each of the 800 mL pooled samples were split into five 20 mL subsamples. The 
subsamples were visually inspected and scored based on the number of undamaged and 
damaged seeds. After initial assessment the subsamples were dried to 0% moisture 
content by heating in an oven at 65˚C for 7 days. The dry weight of the damaged grain 






  (𝑾𝒖 ∗𝑵𝒅)  –   (𝑾𝒅 ∗𝑵𝒖)
𝑊! ∗ 𝑁! + 𝑁!
] ∗ 100 
Nd = Number of damaged seeds  
Nu = Number undamaged seeds,  
Wu = Dry weight of undamaged seeds, 
Wd = Dry weight of damaged seeds 
 The equation compares the number of damaged and undamaged seeds based on 
their weighted proportions. The equation was determined to be the best measure of grain 
damage without the labor-intensive work of collecting and weighing dust generated by 
insect feeding. (Alonso-Amelot et al., 2011).  
O2 and CO2 concentrations:  
 Both gases were measured weekly using a Mocon PAC Check® Model 325 
Headspace analyzer (MOCON, Minneapolis, MN, USA). A small 10 cm x 10 cm section 
of the outer HDPP woven bag was cut away from the PICS bags. This exposed surface 
allowed for sampling with the Mocon sampling needle. After sampling the puncture on 
the outer layer was sealed with a small piece of electrician’s tape. The first reading was 
taken one hour after the initial closure of the bags and then three times a week for the first 
two weeks. Subsequent O2 and CO2 readings were taken once a week on Mondays at 1 
pm local time. Additional readings were taken at the start of the experiment to closely 
monitor the drastically changing gas concentrations.  
Statistical Analysis: 
 The statistical analysis used for each measure was the Tukey-Kramer HSD test 
carried out in JMP 10 statistical software (SAS, Cary, NC, USA), and in all cases α was 
selected as 0.05. Each treatment was analyzed for statistical significance within the 0, 3, 
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and 6 month sample periods to compare the effectiveness of each storage treatment. 
Normal distribution was tested by QQ-Plot analysis. 
 
Results and Discussion 
Temperature: 
 The data loggers in the infested woven bags recorded higher temperatures than the 
other treatments (Fig. 2). The woven bags were up to 10˚C warmer than grain stored in 
PICS bags. This high temperature difference between infested and uninfested grain stores 
has been documented previously (Denmead et al., 1966). Elevated temperatures in grain 
bulks are frequently used as an indicator of spoilage caused by insects and fungus (Singh 
et al., 1984). This temperature difference between infested and uninfested grain bulks can 
be attributed to heat production from insect metabolism (Driscoll et al., 2000). Oxygen is 
utilized according to the following equation: 
C6H12O6 + 6O2  6CO2 + 6H2O + heat, 
assuming the air space around the wheat occupies about 40% of the total volume with a 
density of 0.75 g/cm-3 and carbohydrate is the main energy source (Denmead et al., 
1966). The infested PICS bags were markedly cooler than the infested woven bags. This 
difference in temperature may be related to the reduced level of oxygen available in the 
PICS bag (Figure 7). This suppressed the metabolism of the insects and thereby heat 
production. PICS bags severely restricted airflow across the bag walls, and this reduces 
the availability of oxygen insects have access to for respiration. The woven bags, by 
contrast, provide minimal restriction to O2 movement across the bag walls because of 
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their porosity. Access to a supply of oxygen in the woven bags allows the insects inside 
to respire freely and produce significantly more heat than the insects in the PICS bags. 
 
Humidity: 
 The recorded relative humidity levels are displayed in Figure 3. The 
environmental relative humidity (not shown) fluctuated greatly due to to natural changes 
in atmospheric temperature and pressure. Relative humidity levels in the infested woven 
bags were much lower than in the PICS bags. These lower levels are presumably the 
result of the woven bag material being highly porous and allowing the loss of moisture to 
the outside during the drier winter months. The air inside infested PICS bag had slightly 
elevated relative humidity, possibly due to respiration of the small number of surviving 
insects. PICS bags maintained humidity at nearly unchanged levels. 
Relative Percent Damage: 
 The relative percent damage was calculated using Equation 1 and the results for 
each treatment per sample period are presented in Figure 4. All distributions were found 
to be normal. Damage levels between uninfested and infested PICS bags were not 
significantly different by Tukey-Kramer HSD test at the 3-month storage period (p = 
0.0543) or at the 6-month storage period (p = 0.4107). These results establish that PICS 
bags can maintain the quality of grain stored comparable to seed free of insects. Seed 
stored in the woven bags had significantly higher relative percent damage compared to 
the two PICS treatments at both sampling periods (p < 0.0001). After 6 months wheat 
stored in woven bags was more than 50% damaged. The sealed PICS bag thus protected 
the wheat stored inside far better than the conventional woven storage sack. Previous 
25 
PICS trials with maize show similar effects (De Groote et al., 2013). The effectiveness of 
PICS technology has been attributed to reduced oxygen levels (Murdock et al., 2012). 
The infested PICS bags had the lowest oxygen levels and exhibited the lowest levels of 
seed damage between the infested treatments (Figure 7). 
Germination: 
 In all cases storage decreased the germination of wheat (Fig. 5). After 3 months of 
storage percent germination decreased in both the infested PICS bags (p = 0.0175) and 
infested woven bags (p = 0.0009) compared to the uninfested PICS control. Germination 
rates of seed from the infested PICS bags were significantly higher than from the woven 
bags. This may be attributed to a lower level of physical seed damage in the PICS 
treatment (see Figure 4) since seed damage reduces germination. After 6 months of 
storage the protective effect on seed germination becomes even more apparent. Infested 
wheat stored in PICS bags had a significantly higher germination rate than infested wheat 
stored in conventional woven sacks (p = 0.0249). Despite the protection PICS technology 
provides against insect damage, seed germination declined in the infested seed stored in 
PICS bags relative to the uninfested seed (p = 0.0040). This decline is likely associated 
with insect mediated damage. While storage of seed does decrease germination overall, 
PICS technology clearly provides substantial protection against seed degradation caused 
by storage with insects. 
Moisture Content: 
 The moisture content data (Figure 6) were determined to be normally distributed. 
Wheat stored in both infested and uninfested PICS bags had significantly higher moisture 
content than grain stored in the woven bag (p < 0.0001). After 6 months grain stored in 
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the PICS bags maintained an average moisture content of 12.42% ± 0.06, while the 
woven bag exhibited an average moisture content of 8.65% ± 0.44. Over extended 
periods of storage the environmental relative humidity and temperature greatly affect the 
physiochemical properties of grain exposed at the surface of a store, and this can lead to 
spoilage (Fourar-Belaifa et al., 2010). The decreased moisture content in the grain stored 
in woven bags is probably due to decreased humidity levels of the air during the drier 
winter months.  
 The moisture content of wheat stored in PICS bags did not change significantly (p 
= 0.5276) during the six-month storage period. This indicates that the moisture levels in 
grain stored in PICS bags fluctuates little during storage. Woven bags have a relatively 
exposed surface, increasing the risk of spoilage due to the hygroscopic property of grain 
(Fourar-Belaifa et al., 2010) as external humidity levels fluctuate.  
Aflatoxin:  
 All seed samples analyzed for total aflatoxin tested negative (< 5 ppb). 
O2 and CO2 concentrations: 
 Internal O2 and CO2 concentrations of all bags were measured weekly (Figures. 7, 
8). There was an initial drop in O2 levels in infested PICS bags. This early steep decline 
can be attributed to the respiration of the large number of insects living and respiring in 
the bag. The double layer of 80 µm thick HDPE severely restricts the exchange of 
internal O2 and CO2 with the environment (Kjeldsen, 1993).  Without access to sufficient 
O2 (hypoxic conditions) the insect population in the grain cannot grow and develop 
(Cheng et al., 2012; Murdock et al., 2012).  After the initial drop in O2 levels, the 
continuously lower O2 levels presumably suppress further population growth.  
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 The subsequent time-course of O2 and CO2 levels may be explained as follows: 
Over time enough O2 leaks back into the bag (around 100 days in Figure 7 and 9), 
enabling insect activity and growth to resume, with surviving insects beginning to feed, 
grow, and reproduce. This resumed activity leads to an increase of O2 consumption, 
which then causes O2 levels to drop again, halting insect activity. If the experiment had 
continued beyond six months O2 might again have leaked back into the bag, continuing 
the cycle. By contrast, initial O2 levels remained little changed in the woven sacks despite 
the presence of a large number of weevils. The woven sack is porous in nature and so 
allows relatively rapid gas exchange. Later in the storage period O2 levels begin to drop 
in the woven sacks. This localized change in the atmospheric gas conditions may be the 
result of the high population density attained as time passes.  
 Measured CO2 concentrations for each treatment bag are shown in Figure 8. The 
elevated CO2 is the product of insect respiration. Changes in CO2 levels were inversely 
proportional to the concentration changes in O2. This relationship is evident in Figure 9. 
During the period shown when O2 is leaking into the bag, CO2 is leaking out. However, 
the rate at which diffusion occurs is slower for CO2 due to a difference in mass transfer 
coefficients (Fonseca et al., 2000). Data is in agreement with oxygen and carbon dioxide 
trends commonly seen by others studying storage of grain containing insects in PICS 







 Wheat stored in PICS bags is substantially better protected from insect damage 
compared to wheat stored in conventional woven polypropylene sacks. The PICS bag 
walls act as a barrier that helps maintain stored temperature, humidity, and moisture 
content of the seed despite fluctuations in ambient conditions. Grain stored in the PICS 
bags also has much lower levels of insect damage and is better protected from 
germination losses when compared to conventional woven storage sacks. No aflatoxin 
was detected in our trials so no conclusion can be drawn in terms of safety, but our results 
are consistent with PICS bags not promoting aflatoxin production. It can be concluded 
that the PICS bagging technology is practical and useful for protecting wheat against rice 




Figure 1. Grain sampling probe built from common materials. The probe is made of two 
PVC pipes with outer diameters of 3.0 cm and 2.5 cm. The closeness in size allows the 
smaller probe to fit snugly inside the larger. Five slots measuring 7.6 cm x 1.5 cm were 
cut 3.8 cm apart into both pipes. A 0.76 cm bolt was inserted and fixed in place at the top 
of the smaller pipe. A small groove was cut at the top of the larger pipe. When the bolt is 
inserted into the grove the pipes are locked in place.  After the probe is inserted into the 
grain, turning the inner pipe 180˚ lines up the cut slots and allows grain to flow into 
probe. Turning the pipes another 180 degrees traps a sample of grain inside. When the 
probe is removed from the grain, reversing the process allows the grain to flow out.  A 
cap glued to the bottom of the smaller pipe prevents loss of grain.  
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Figure 2. Temperature changes in rice weevil infested or uninfested wheat stored in PICS 
and woven bags from July 2012 to January 2013.  
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Figure 3. Relative humidity levels in rice weevil infested and uninfested wheat kept in 
PICS and woven bags from July 2012 to January 2013. The environmental humidity data 
was highly variable and is not shown.  
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Figure 4. Relative percent damage to rice weevil infested or uninfested wheat stored in 
PICS and woven bags for three and six months. Statistical significance was analyzed by 
Tukey-Kramer HSD test (p < 0.05) within each storage period and is indicated by *. 
Values shown are ± 1.0 S.E.M.  
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Figure 5. Germination rates of rice weevil infested or uninfested wheat stored in PICS 
and woven bags for three and six months. Statistical significance was analyzed by Tukey-
Kramer HSD test (p < 0.05) within each storage period and is indicated by A, B, C. 
Values shown are ± 1.0 S.E.M.  
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Figure 6. Moisture content of rice weevil infested or uninfested wheat stored in PICS and 
woven bags for three and six months. Statistical significance was analyzed by Tukey-
Kramer HSD test (p < 0.05) within each storage period and is indicated by *. Values 
shown are ± 1.0 S.E.M.  
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Figure 7. Oxygen content of headspace in PICS and woven bags containing rice weevil 




Figure 8. Carbon dioxide content of headspace in PICS and woven bags containing rice 
weevil infested or uninfested wheat over a six-month storage period. Values shown are ± 
1.0 S.E.M.  
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Figure 9. Oxygen and carbon dioxide content of headspace in rice weevil infested wheat 
in PICS bags over a six-month storage period. Values shown are ± 1.0 S.E.M.  
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Abstract 
 The Purdue Improved Crop Storage (PICS) system is a hermetic technology for 
protecting grain against insect pests in storage. Grain is held inside the inner bag, and 
each bag is tied off in turn, creating a functional hermetic storage unit. Field observations 
have documented the appearance of small holes from insects and punctures in the bags. 
As the number of leaks increase so does seed damage, but this damage appears to be 
localized near the holes. In the presence of many holes the storage system becomes 
ineffective. Adult insects cluster around leaks and consume the oxygen entering the store. 
The volume of the grain bulk impedes the diffusion of oxygen through the headspace 
between seeds. A large volume of seed is better protected against leakage through a small 
inlet because the seed itself contributes a barrier to oxygen diffusion through the hermetic 
store.   
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Introduction 
 The Purdue Improved Crop Storage (PICS) system was developed to provide 
affordable hermetic bags for storage and protection of cowpea, Vigna unguiculata 
(Walpers), against the bruchid, Callosobruchus maculatus Fabricius (Coleoptera: 
Chrysomelidae) in the Sahel region of West Africa (Murdock et al., 2003; Murdock et al., 
2012; Sanon et al., 2012). Each PICS bag is comprised of three bags that nest inside each 
other. The two inner bags are composed of 80 µm thick high-density polyethylene 
(HDPE). The outer bag is made of protective woven high-density polypropylene (Baoua 
et al., 2012; Murdock et al., 2012). These plastic materials greatly inhibit O2 and CO2 
exchange between the air spaces within the bags and the atmosphere (Kjeldsen, 1993). 
With reduced available oxygen (hypoxia) and elevated carbon dioxide (hypercarbia) the 
insects in the store cease feeding and developing and often die, which prevents 
population growth thus prohibiting insect damage to the grain (Murdock et al. 2012; 
Cheng et al., 2012; Baoua et al., 2013a). 
 PICS HDPE triple bags in which infested grain has been stored sometimes acquire 
small holes (Baoua et al., 2012), particularly when the grain has been kept in a single 
layer HDPE bag. Cases in which both HDPE layers have been penetrated by insects have 
been observed but are uncommon. Holes in the HDPE film may come about when an 
infested seed with a nearly developed pupa cell happens to be pressed against the inner 
HDPE membrane under the pressure exerted by the bulk of seeds present in the bag. The 
emerging adult then cuts its emergence hole through the seed testa and on through the 
plastic membrane (Baoua et al., 2012). 
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 A hole in a PICS bag may allow additional insect development in grain adjacent 
to the hole due to oxygen influx through the hole. This could allow larval development to 
occur and ultimately increase the damage level in the stored grain. Alternatively, if the 
second outer layer of HDPE were still intact, it could sufficiently resist O2 influx and 
prevent such larval development and damage. Increased insect development is more 
likely if there are multiple holes in the HDPE liner instead of just a single one. In that 
case one would expect either a gradient effect or threshold that would be reflected in the 
relationship between the number of holes in the plastic and the amount of insect 
development. To shed light on the significance of holes, we attempted to correlate the 
number of holes in the HDPE per unit area of grain to the amount of insect development 
indicated by emergence holes in the grain sample. 
 Insects often aggregate at the top of grain stores (Navarro et al., 1984; Driscoll et 
al., 2000) and unpublished field observations of the PICS technology noted large 
numbers of insects gathered at the top and the edges of PICS bags (Baoua, personal 
communication). This increased insect density may be a result of higher oxygen 
availability at the top of the bags. Oxygen availability may be lowest toward the center of 
the grain mass due to (1) slow diffusion rates through the grain (Singh et al., 1984; 
Shunmugam, et al., 2005; Huang et al., 2013) and (2) oxygen use by insects closer to the 
outer perimeter. Packing a grain store tightly, decreasing temperature, and increasing 
moisture content will compound this effect (Singh, et al., 1984; Driscoll et al., 2000; 
Shunmugam et al., 2005). 
 Differences in oxygen concentration at points within PICS bags may occur and 
influence insect metabolism and development, depending on the location of infested 
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seeds within the container. If more oxygen were available in a region (likely toward the 
surface of a grain mass or near a hole) more damage might occur. In a previous study, 
insect populations near an air inlet developed at a faster rate than those further from the 
inlet (Driscoll et al., 2000). Less damage is likely further from the surface of a bulk or 
away from holes and imperfections in the container that speed up oxygen leakage into the 
bag. 
 We sought to determine the extent to which grain itself acts as a barrier against 
the diffusion of ambient air into the center of a mass of stored grain. If so, the grain itself 
contributes a degree of protection against insect development. If this were the case, we 
would expect there to be a gradient of decreasing seed damage in relationship to the 
distance from the source of oxygen. The present study sought to (1) determine the degree 
to which holes in hermetic containers compromise protection against storage insects and 
(2) determine the extent to which cowpea acts as a barrier to gas diffusion and thus 
contributes to suppressing the growth of cowpea bruchid populations. 
 
Materials and Methods 
 Our study was conducted at Purdue University (West Lafayette, IN, USA) in two 
parts over 70-day storage periods. Part one, carried out from 26 September 2012 to 5 
December 2012, examined the effect of small holes on the performance of hermetic 
storage to protect cowpea against the cowpea bruchid. Part two, carried out from 11 
January 2013 to 22 March 2013, examined the effect of grain bulk thickness on the 
performance of hermetic storage.  
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 Cowpea bruchids were obtained from a colony maintained on cowpea grain and 
originally from Niger, West Africa. California black-eyed cowpea grain, variety #8046 
(Wax Co., MS, USA) was used in all trials. Prior to use the grain was held in a freezer at 
0˚C for one week. One week before setting up each experiment, 10 kg of cowpea was 
removed from the freezer and placed in two 17 L buckets. One bucket was heavily 
infested with C. maculatus adults from the laboratory colony, and the second, with no 
insects present, was hermetically sealed and returned to the freezer. Nine days later it was 
removed to allow the temperature to equilibrate. On day 10 the adults in the infested 
grain were removed via sifting. The two quantities of grain were mixed together on a 
large tarp to create a 10 kg 50:50 mixture of infested and uninfested cowpea. This 
mixture was then sampled (4 samples of 100 seeds each) to determine the initial 
infestation level. 
 Several PVC pipes with an inner diameter of 3.81 cm were cut into forty 10.16 
cm section using a chop saw. A wireless power drill was used to drill small holes in a 
regular pattern in each pipe. The size of the drill bit used (#60, r = 0.508 mm) was chosen 
to be slightly smaller than an emergence hole created by C. maculatus. This prevented the 
escape of adult insects while still closely imitating the size of an emergence hole that 
emerging adults make as they pass through the walls of PICS bags. Ten sets of four pipe 
sections were used, each set having a different number of holes. The treatments were 0, 1, 
2, 4, 6, 8, 12, 24, 36, and 48 holes per pipe section. 
 The pipe sections were filled with the infested cowpea mixture, which contained 
about one infested seed out of four seeds. After filling, the pipes were capped with tightly 
fitting PVC caps coated with high vacuum grease (DOW CORNING®, Midland, MI, 
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USA). The experiment was stored in a complete random block design and left 
undisturbed in an APHIS certified environmental chamber on a cart divided into shelves. 
The chamber conditions were held at 25 ˚C, 40% relative humidity (RH), and day length 
LD12:12. 
 After 70 days of storage in the small tube sections, enough time for more than two 
full generations of cowpea bruchids, the tubes were transferred to a freezer and held at 
0˚C for one month to kill the surviving insects. Results were evaluated by emptying each 
pipe into an opaque cup from which a 100 seed sample was selected blindly and at 
random. Seeds were assessed using three different measures: weight of the sample, 
number of seeds containing at least one emergence hole, and total number of holes in the 
100 seed sample. All parameters were evaluated for significance using an Anova and the 
Tukey-Kramer HSD test of comparative means in JMP 10 statistical software (SAS, 
Cary, NC, USA). 
 The second trial investigated the effect distance from an air source within a grain 
bulk has on insect population distribution and development. We used the previous 
procedure to create a 100 kg mixture of infested and uninfested cowpea seeds described 
above. The initial infestation was determined to by counting the number of seeds carrying 
at least one egg. 
 The following treatments were applied to PVC tubes measuring 1.5 m in length: 
(1) Both ends were hermetically sealed with PVC caps coated with high vacuum grease 
(DOW CORNING®, Midland, MI, USA). This treatment acts as a hermetic storage 
control with no access to the ambient air; (2) One end hermetically sealed with a PVC 
cap coated with vacuum grease and one end covered with cheesecloth held in place by a 
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rubber band and hose clamp; (3) Both ends covered with cheesecloth; (4) Both ends 
hermetically sealed with PVC caps coated with vacuum grease with a single hole drilled 
in the center of one cap using a wireless power drill, drill bit size #60 (r = 0.508 mm). 
This treatment examines the effect of one emergence hole sized leak on the effectiveness 
hermetic storage; (5) Both ends covered with cheesecloth with small holes (r = 0.508) 
drilled every 25.4 mm around and down the length of the tube. This treatment acts as a 
control providing extensive access to ambient air.  
 The twenty PVC tubes, measuring 1.5 m in length with an inner diameter of 3.81 
cm, were filled with the infested grain mixture. Each tube was tapped against a hard 
surface as they were being filled to make sure the grain was adequately compacted. The 
tubes were then held in an APHIS certified environmental containment chamber. Each 
block was kept on a separate shelf. The chamber conditions were 25 ˚C, 40% relative 
humidity (RH), and day length LD12:12. Five treatments were used with four repetitions 
and a complete random block design. 
 After the 70 days of storage the tubes were transferred to a freezer at 0˚C for 1 
month. The 70-day storage period allowed two full generations of C. maculatus to 
develop. Each 1.5 m tube was then cut into twenty 7.5 cm sections using a chop saw. 
Each cross-section was assessed for damage relative to the distance from the end of the 
pipe. 100 seeds were selected blindly and at random. Damage was determined by 
counting the number of emergence holes per 100 seed sample. The samples at each 
distance along the pipe were evaluated for significance using an Anova and the Tukey-
Kramer HSD test of comparative means in JMP 10 statistical software (SAS, Cary, NC, 
USA). 
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Results and Discussion 
 Initial infestation levels in the pipe in the first trial were 27.85% ± 0.64 of the 
seeds in the mixture containing at least one egg. There was a significant (p < 0.0001) 
positive correlation between the number of holes in the pipe and the level of seed 
damage. Table 1 shows the means (n = 4) for all three measures. The percentage of 
damaged seeds was not an adequate measure because damage levels were not 
significantly different. Mean weight of 100 seeds and the total number of emergence 
holes per 100 seeds were both better distinguishing measures. The mean weight measure 
had overlapping significance levels among treatments. Additionally, experimental error 
was built into the weigh measure because the seed samples with more multiple 
emergence holes not only experienced very heavy damage but also had observable mold 
growth. Mold growth may have affected the final weight because the mold probably 
caused the damaged seed to weigh slightly more. Mold may have resulted from the 
increased heat and humidity associated with heavy insect infestations (Denmead et al., 
1966; Driscoll et al., 2000). Both weight loss and percent damage were good measures 
that reveal the correlation between an increasing number of holes and increased damage, 
however, the analysis using the total number of emergence holes per sample is more 
precise. Total of number emergence holes per seed is also a good measure because each 
hole results from one adult insect; this allows the attained adult population in the 
container to be estimated.  
 As the number of holes in the storage pipe increased, the number of emergence 
holes also increased (Table 1). Seed damage reached a plateau when 24 or more holes 
were present in the pipe. At that level of leakage there may be enough oxygen available 
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to supply all the insects in the grain to develop; and additional leakage is in excess of the 
insects’ needs. This saturation effect is seen between 24 and 48 holes in the containers, 
there being no significant difference from one another according to the Tukey-Kramer 
HSD test. It is also possible that at higher levels of oxygen leakage the seed carrying 
capacity to support an insect population is exceeded, at around 8 to 10 holes per seed.  
 A single bruchid-sized hole in a container caused a statistically significant 
increase in damage over the control with no holes. During the 70 days of storage 159.0 ± 
7.08 adults emerged per 100 seed sample in the treatment with one hole, versus the 3.5 ± 
3.18 insects reaching adulthood in the hermetically sealed controls. This suggests that 
increased localized damage might appear near a hole created in a PICS bag if the hole 
penetrated through both HDPE layers. Small volume containers (v = 115.83 cm3) were 
used in this experiment. The effect of air leakage on insect population growth and grain 
damage may be less in larger containers. Accordingly a follow-up trial experiment was 
conducted. 
 This involved long pipes with open and closed ends filled with infested grain. The 
purpose was to shed light on the effect distance from a source of leakage has on grain 
damage (Table 2). The initial infestation was 27.23% ± 0.51 of the seeds in the mixture 
containing at least one egg. This experiment was analyzed using the total number of 
emergence holes per sample because this had proven to be the most accurate measure of 
damage in the previous experiment. As observed earlier, damage was independent of 
distance in the heavily perforated pipe (p = 0.9997, F = 0.2232). Damage in the 
hermetically sealed pipe was extremely low and independent of position in the tube (p = 
0.6263, F = 0.6265), damage being minimal because the supply of oxygen was limited. 
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This independence makes both treatments ideal controls. The hermetically sealed pipe 
best mimics conditions in PICS bags when the oxygen supply is extremely limited, and 
the perforated pipe mimics conditions in conventional woven storage bags, which allow 
nearly unlimited oxygen movement. By Anova, distance from a fresh air supply had a 
significant effect (p < 0.0001) on damage level of the remaining treatments (one end 
open, both ends open, and a single small hole in one end).  
 Tukey test analysis showed the pipe with a single open end had significantly more 
damage between 0 and 15 cm from the opening than in the remaining 135 cm of stored 
seed column. Seed damage beyond 30 cm from the open end of the column was nearly 
undetectable and comparable to the hermetic control. The double open-ended treatment 
had observable levels of damaged seeds between 0 and 30 cm and between 112.5 and 
142.5 cm, with an undamaged section of stored grain in the center region of the pipe. The 
double open treatment saw significantly more damaged seeds between 0 and 7.5 cm than 
was seen in the pipe with a single open end. Likely explanation for this is that the double 
opening led to additional ventilation through the pipe, thereby allowing additional oxygen 
availability and thus causing additional damage at both ends. In the pipes with one or 
both open ends, damage decreased as the distance from the opening increased. These 
observations suggest that damage in a grain store is more likely to occur at the surface 
where access to air is plentiful. In the case of a PICS bag fresh air (i.e., O2) is most 
available adjacent to the surface of the grain mass stored inside. Our results are consistent 
with observations of increased population density toward the top of a grain mass as has 
been observed in other studies (Driscoll et al., 2000).  
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 The treatment pipes with a single 0.508 mm radius hole in the cap had observably 
fewer damaged seeds close to the opening in comparison to the pipes with completely 
open ends. Relative to the rest of the pipe, damage was slightly elevated in the first 7.5 
cm of stored grain but little additional damage was seen deeper in the column of grain, 
where damage was comparable to that seen in the hermetically sealed pipe. Likewise, 
there was significantly less damage in the first 7.5 cm of the single hole treatment 
compared to either treatments with open ends. It appears that a single bruchid sized hole 
provides sufficient oxygen to allow a small amount of localized insect development and 
damage. As the distance from the holes increased the damage nearly disappeared. This 
effect would indicate that small holes only allow localized damage but do allow limited 
insect development.  
 In the first set of experiments investigating the effect of small leaks on storage 
performance the treatment with one hole produced 159.0 ± 7.08 holes per 100 seed 
sample. This damage occurred in a low volume (v = 115.83 cm3) storage container (the 
maximum distance from the hole being only 3.8 cm), which may explain the high level of 
damage in comparison to the one hole treatment in the second set of experiments. In the 
shorter pipe oxygen had to follow a smaller diffusion path to reach developing insects. 
Overall, one bruchid sized hole appears to have a large but only localized effect on grain 
damage. Beyond about 7.5 cm from the hole the grain is in condition comparable to that 






 Hermetic storage of cowpea grain infested with C. maculatus reduced damage to 
levels that are difficult to detect without close inspection. An increase in the number of 
small point leaks leads to an increase in insect damage in the vicinity of the leaks. If there 
is substantial leakage, by contrast, the food supply rather than the oxygen supply limits 
the number of insects and the damage level. A small hole in a hermetic container results 
in increased localized insect damage to seed. Damage levels increase in relationship to 
the number of leaks present. As the distance from a hole in a container wall increases the 
damage to grain decreases. This relationship between distance from the surface of a grain 
bulk and damage indicates that larger containers are better than smaller ones for storage, 
as would be expected from the surface to volume principle applied to different sized 
containers. The grain itself hinders oxygen diffusion. If a hole were to occur in a PICS 
bag and pass through both HDPE layers, the damage would be localized because the 
grain surrounding the hole contributes a secondary barrier and helps maintain nearly 
hermetic conditions.   
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Table 1. The effect of small holes (r = 0.508 mm) in the wall of a storage container on C. 
maculatus population development. 
 
Holes Per Storage 
Container (n = 4) 
Number of Emergence 
Holes Per 100 Seed 
Sample 
Percentage of Damaged 
Seeds Per Sample (%) 
Weight of 100 Seed 
Sample (g) 
0 3.5 ± 3.18a 3.0 ± 2.68a 21.90 ± 0.32a 
1 159.0 ± 7.08b 79.25 ± 1.11b 20.36 ± 0.24ab 
2 291.0 ± 18.53c 95.5 ± 1.50c 18.26 ± 0.73abc 
4 437.0 ± 13.08d 96.25 ± 1.03c 16.76 ± 0.92bcd 
6 481.0 ± 26.88de 97.75 ± 1.26c 14.65 ± 1.41cde 
8 548.75 ± 33.33e 97.0 ± 1.08c 12.52 ± 0.99def 
12 668.5 ± 26.08f 99.75 ± 0.25c 11.11 ± 0.71ef 
24 843.0 ± 28.74g 99.0 ± 0.58c 10.66 ± 1.63ef 
36 862.5 ± 22.12g 100.0 ± 0.00c 8.60 ± 0.59f 
48 899.0 ± 16.61g 99.75 ± 0.25c  8.93 ± 0.16f  
Anova (F, P) 
df = 9 
(F = 200.906,       
P < 0.0001) 
(F = 657.7081,  
P < 0.0001) 
(F = 28.3395, 
P < 0.0001) 
 
Means followed by the same letter within a column are not significantly different from each other at a 5% 
probability level by the Tukey-Kramer HSD test. Values shown are ± 1.0 S.E.M.  
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Table 2. The effect of storage distance of cowpea from an air source on C. maculatus 
population development. 
 
     Number of Emergence Holes Per 100 Seed Sample (n = 4)   
Distance from End 
of Pipe (cm)  Single Open End Double Open Ends Sealed Ends Perforated 
Single Hole in 
Sealed End 
0  277.5 ± 30.70a 453.0 ± 50.11a 0.3 ± 0.25a 459.5 ± 28.58a 18.5 ± 7.58a 
7.5  174.0 ± 3.46b 233.0 ± 24.18b 0.0 ± 0.00a 451.0 ± 44.20a 14.0 ± 4.20ab 
15  104.25 ± 12.76c 83.5 ± 18.07c 0.3 ± 0.25a 428.0 ± 62.69a 8.0 ± 2.52abc 
22.5  42.25 ± 11.23d 45.0 ± 4.22c 0.0 ± 0.00a 433.0 ± 56.60a 9.5 ± 2.10abc 
30  30.5 ± 7.96d 14.5 ± 1.04c 0.0 ± 0.00a 406.5 ± 67.24a 7.0 ± 1.87abc 
37.5  23.5 ± 4.97d 13.7 ± 3.09c 0.0 ± 0.00a 386.3 ± 47.77a 7.0 ± 1.08abc 
45  15.25 ± 2.72d 16.5 ± 1.04c 0.0 ± 0.00a 405.8 ± 46.78a 3.5 ± 0.65bc 
52.5  12.75 ± 2.21d 16.0 ± 2.65c 0.0 ± 0.00a 410.8 ± 48.55a 3.5 ± 1.44bc 
60  9.25 ± 3.35d 10.5 ± 2.33c 0.0 ± 0.00a 407.0 ± 68.17a 2.8 ± 0.48bc 
67.5  8.00 ± 2.04d 13.0 ± 3.58c 0.5 ± 0.50a 423.5 ± 33.04a 3.8 ± 0.75bc 
75  5.25 ± 1.18d 16.0 ± 4.08c 0.0 ± 0.00a 428.3 ± 50.76a 3.0 ± 0.91bc 
82.5  3.00 ± 1.08d 9.3 ± 2.95c 0.0 ± 0.00a 427.3 ± 57.52a 4.5 ± 1.32bc 
90  3.75 ± 1.31d 12.5 ± 5.20c 0.0 ± 0.00a 388.0 ± 48.77a 1.5 ± 0.50c 
97.5  3.25 ± 2.59d 14.75 ± 4.42c 0.0 ± 0.00a 420.3 ± 57.00a 1.0 ± 0.58c 
105  2.25 ± 1.60d 15.5 ± 8.92c 0.0 ± 0.00a 435.8 ± 60.94a 2.8 ± 0.25bc 
112.5  1.25 ± 1.25d 24.3 ± 12.17c 0.0 ± 0.00a 425.5 ± 61.24a 1.3 ± 0.95c 
120  2.25 ± 2.25d 44.0 ± 17.33c 0.0 ± 0.00a 414.5 ± 41.36a 2.5 ± 1.19bc 
127.5  3.50 ± 2.02d 121.3 ± 29.27bc 0.5 ± 0.50a 491.8 ± 72.51a 1.3 ± 0.63c 
135  0.25 ± 0.25d 217.5 ± 29.18b 0.0 ± 0.00a 431.5 ± 40.18a 2.0 ± 1.68c 
142.5  0.75 ± 0.25d 393.8 ± 62.53a 0.0 ± 0.00a 412.8 ± 24.36a 1.8 ± 0.75c 
Anova (F, P) 
df = 19 
 (F = 72.9715,  
P < 0.0001) 
(F = 36.2625, 
P < 0.0001) 
(F = 0.6265, 
P = 0.6263) 
(F = 0.2232, 
P = 0.9997) 
(F = 4.1143, 
P < 0.0001) 
 
Means followed by the same letter within a column are not significantly different from each other at a 5% 
probability level by the Tukey-Kramer HSD test. Values shown are ± 1.0 S.E.M.  
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Figure 1. The effect of small holes (r = 0.508 mm) in a storage container on C. maculatus 
emergence in cowpea over three months of storage. Values shown are ± 1.0 S.E.M.  
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Figure 2. The effect of distance from an air inlet within a grain bulk on insect 
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